Visual perception in schizophrenia is attracting a broad interest given the deep knowledge that we have about the visual system in healthy populations. One example is the class of effects known collectively as visual surround suppression. For example, the visibility of a grating located in the visual periphery is impaired by the presence of a surrounding grating of the same spatial frequency and orientation. Previous studies have suggested abnormal visual surround suppression in patients with schizophrenia. Given that schizophrenia patients have cortical alterations including hypofunction of NMDA receptors and reduced concentration of GABA neurotransmitter, which affect lateral inhibitory connections, then they should be relatively better than controls at detecting visual stimuli that are usually suppressed. We tested this hypothesis by measuring contrast detection thresholds using a new stimulus configuration. We tested two groups: 21 schizophrenia patients and 24 healthy subjects. Thresholds were obtained using Bayesian staircases in a four-alternative forced-choice detection task where the target was a grating within a 3 • Butterworth window that appeared in one of four possible positions at 5 • eccentricity. We compared three conditions, (a) target with no-surround, (b) target embedded within a surrounding grating of 20 • diameter and 25% contrast with same spatial frequency and orthogonal orientation, and (c) target embedded within a surrounding grating with parallel (same) orientation. Previous results with healthy populations have shown that contrast thresholds are lower for orthogonal and no-surround (NS) conditions than for parallel surround (PS). The logratios between parallel and NS thresholds are used as an index quantifying visual surround suppression. Patients performed poorly compared to controls in the NS and orthogonalsurround conditions. However, they performed as well as controls when the surround was parallel, resulting in significantly lower suppression indices in patients. To examine whether the difference in suppression was driven by the lower NS thresholds for controls, we examined a matched subgroup of controls and patients, selected to have similar thresholds in the NS condition. Patients performed significantly better in the PS condition than controls. This analysis therefore indicates that a PS raised contrast thresholds less in patients than in controls. Our results support the hypothesis that inhibitory connections in early visual cortex are impaired in schizophrenia patients.
INTRODUCTION
The study of visual perception in patients with schizophrenia is increasing knowledge about the brain mechanisms that are impaired in this devastating neurocognitive disorder (for a review see Butler et al., 2008 ) that affects 1% of world population (Lewis and Lieberman, 2000) . It is well known that cognitive processes and information processing are seriously affected in schizophrenia and much work has focused on processes like attention, memory or executive functions. However, given the deep knowledge that we have about the visual system in healthy population, there is a growing interest in the study of perceptual processes, in particular, visual perception (Yoon et al., 2009; Chen, 2011; Kim et al., 2011; Robol et al., 2013; Tibber et al., 2013; Yang et al., 2013) .
The main findings about visual perception in schizophrenia have shown that there is: (a) reduced contrast sensitivity (Slaghuis, 1998; Kéri et al., 2002; Butler et al., 2005; Kantrowitz et al., 2009 ; for a review see Skottun and Skoyles, 2007); an altered perception of visual illusions (Uhlhaas and Mishara, 2007; Kantrowitz et al., 2009 ; for a review see Notredame et al., 2014) ; (c) less susceptibility to contrast illusions in stimuli surrounded by regions of high contrast (Dakin et al., 2005; Yang et al., 2013; though Barch et al., 2012) failed to replicate this www.frontiersin.org effect; (d) poor stereoacuity (Schechter et al., 2006; Kantrowitz et al., 2009) ; (e) weak center-surround suppression using motion stimuli (Tadin et al., 2006) , although Chen et al. (2008) found the opposite result, surround suppression was abnormally increased in schizophrenia; (f) reduced facilitation to detect a stimulus presented with two collinear flankers with same spatial frequency and orientation located at a particular distance (Must et al., 2004; Kéri et al., 2005) ; (g) reduced orientation-surround suppression when the task was to discriminate a stimulus surrounded by regions with same spatial frequency and orientation (Yoon et al., 2009 (Yoon et al., , 2010 ; and (h) a broader orientation tuning (Rokem et al., 2011) .
In summary, visual perception in schizophrenia is in general altered and shows poor performance, with reduced suppression, reduced facilitation, poor stereoacuity, and reduced contrast sensitivity. However, this reduced suppression in some cases can enhance performance in tasks where there is contextual modulation, this is, when the perception of a stimulus is affected by a surrounding stimulus (Yang et al., 2013) .
Most of the results described here could be related with some neural deficits found in schizophrenia patients like the increased neuronal density (10%) found in the occipital area 17 (Selemon et al., 1995) ; this neuronal hypertrophy suggests that neuronal connections in the occipital cortex could be affected. There are other factors that can contribute to the differences found between controls and schizophrenic patients. For example, glutamate is the major excitatory neurotransmitter in the brain and one of its receptors [N-methyl-D-aspartate (NMDA)] shows a hypofunction in schizophrenia patients (Olney and Farber, 1995; Moghaddam, 2003) . NMDA receptors amplify both excitatory and inhibitory visual signals and enhance lateral inhibition in the lateral geniculate nucleus (LGN; Daw et al., 1993) . Thus, the hypofunction of the NMDA receptors could potentially explain results where a reduced facilitation was found (Must et al., 2004; Kéri et al., 2005) . There is another important neuronal deficit that potentially could explain previous results. The concentration of gamma-aminobutyric acid (GABA) neurotransmitter in visual cortex is about 10% lower in schizophrenia patients (Yoon et al., 2010 ; see also Wassef et al., 2003 and Rokem et al., 2011) . Given that GABA is the main neurotransmitter underlying cortical inhibitory mechanisms, this reduced concentration of GABA neurotransmitter in schizophrenia patients could explain the reduced surround suppression found in schizophrenic patients (Tadin et al., 2006; Yoon et al., 2009) . Interestingly, this alteration of the GABAergic inhibition could lead schizophrenia patients to perform better than controls in visual suppression tasks (Tadin et al., 2006) .
One example of visual surround suppression is that a grating located in the visual periphery becomes less visible if surrounded by a grating with the same spatial frequency and orientation (Petrov et al., 2005; Lev and Polat, 2011) . We hypothesized that if schizophrenia patients have cortical alterations, including hypofunction of NMDA receptors, and reduced concentration of GABA neurotransmitter, that affects lateral inhibitory connections in early visual cortex, then schizophrenia patients should perform better than controls in this visual surround suppression task. This type of orientation-surround suppression has been studied previously with schizophrenia patients using a contrast discrimination task where the participants had to detect a difference in contrast between one segment and other seven segments (Yoon et al., 2009 ). The main finding was that patients had lower orientation-surround suppression than controls (we will discuss the differences and similarities with this study in the discussion). To test the hypothesis, we measured contrast detection thresholds using a sophisticated Bayesian staircase procedure, using a four-alternative forced-choice (4AFC) task [the recommended task for naïve observers (Jäkel and Wichmann, 2006) ] and using a new orientation-surround suppression visual stimulus (Serrano-Pedraza et al., 2012) , in 24 healthy subjects and 21 schizophrenia patients. Our results generalize the results found by Yoon et al. (2009) to a detection task and support the hypothesis that inhibitory connections in early visual cortex are impaired in schizophrenia patients.
MATERIALS AND METHODS

SUBJECTS
The present cross-sectional study was carried out with 21 patients (we mixed 11 outpatients and 10 inpatients aged from 24 to 58 years, mean age was 39.19 years, SD = 8.99) who met DSM-IV criteria APA (1994) for paranoid schizophrenia (Table 1) , and 24 age-matched controls (aged from 24 to 58 years, mean age was 39.7 years, SD = 9.71) with no self-reported history of psychiatric illness. All patients were diagnosed using the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-I) (First et al., 2002) and all of them were taking second-generation antipsychotic medication. Daily doses of medication were converted to chlorpromazine equivalent doses (Woods, 2003; Andreasen et al., 2010) . The patient group was recruited from Hospital 12 de Octubre. Clinical status was evaluated using the Spanish version of the positive and negative syndrome scale (PANSS; Kay et al., 1987; Peralta Cuesta, 1994) . Exclusion criteria for patients were: intelligence quotient <70, history of head trauma, and drug or alcohol dependence. All subjects (controls and patients) had normal or corrected-to-normal refraction. The experiments were carried out in a room with a dim light and a chin-rest (UHCOTech HeadSpot, Houston, TX, USA) was used to stabilize the subject's head and to control the observation distance. The subjects were instructed to maintain fixation on a small cross (0.25 • × 0.25 • ) in the center of the screen before presenting the stimuli. Experimental procedures were approved by the Ethics Committee of Complutense University of Madrid, Spain. A written informed consent was obtained from all participants prior to their inclusion in the study.
EQUIPMENT
The images were presented in a γ-corrected 23-inch LG monitor (D2342P) under the control of a Mac Pro running Matlab (MathWorks, Natick, MA, USA) using the Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997; Kleiner et al., 2007) 1 and using the Visual stimulator DataPixx Lite (VPixx Technologies Inc., Canada 2 ) that gave us a measured 10-bits of gray scale resolution. The responses were recorded using a response box (ResponsePixx Handheld, VPixx Technologies Inc., Canada). We used two identical setups (same model of monitor, visual stimulator, and response box) for testing all participants. All patients and 17% of controls were tested with one setup and the rest of control subjects with the other setup. The monitors were carefully gamma corrected using a PR-650 SpectraScan Colorimeter (Photo Research, Inc., USA 3 ), had a resolution of 1920 × 1080 pixels (horizontal × vertical) subtending a visual angle of 54.04 × 32.01 • (horizontal × vertical) with vertical frame rate of 60 Hz, a mean luminance of 37.9 cd/m 2 , and were observed binocularly (in a dimly lit room) from a distance of 50 cm. Given that patients would be tested with a different set-up (although the equipment was identical), we tested both set-ups with five control subjects with experience in psychophysical experiments and that did not participate in the main experiment. They performed the same experimental conditions described in Procedure section [nosurround (NS), orthogonal, and parallel]. Each subject ran the experiment three times in both set-ups. We compared the means of the contrast thresholds of these five subjects between set-ups using a two-tailed t-test (α = 0.05) and we found no significant differences between set-ups in the three conditions: NS [t (4 
STIMULI
The stimuli were based on the stimuli used in Serrano-Pedraza et al. (2012) and had some similarities from stimuli used by; Cannon and Fullenkamp (1991), Petrov et al. (2005) , and Yoon et al. (2010) . The target was a grating of spatial frequency of 1 c/deg with a 3 • -Butterworth spatial window of order 10 [see González and Wintz (1987, p. 179, 181) and Sierra-Vazquez et al. (2006), a formal definition can be seen in their appendix A] that appeared randomly in one of four possible positions at 5 • eccentricity (see Figure 1D ) We chose this eccentricity because surround suppression is stronger in periphery than in fovea, and reaches a plateau at eccentricities greater than 4 • (Petrov et al., 2005) . We tested three experimental conditions where the target could appear with no-surround ( Figure 1A ), embedded within a surround grating with orthogonal orientation (Figure 1B) , or with the same (parallel) orientation ( Figure 1C) . The surround gratings had a fixed Michelson contrast of 0.25 and a 20 • -Butterworth window of order 10. The surround grating had four "holes," i.e., gray locations centered at 5 • eccentricity at the four possible target locations. The holes were 3.05 • in diameter, i.e., there was a 0.05 • gap between the edges of the target and the surround. The orientation of the target and surround was randomly ±45 • . The phase of the target and the surround was the same but randomized each trial between 0 and 2π. Olzak and Laurinen (1999) found that stronger suppression occurs when targets and surrounds with same orientation are in phase, although Petrov and McKee (2006) found that surround suppression is not affected by the phase of the surround. The remainder of the screen was at the mean luminance. 
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We used a Bayesian adaptive staircase to measure contrast detection thresholds in a spatial 4AFC detection task. This is the recommended task for naïve observers compared with 2AFC or 8AFC (Jäkel and Wichmann, 2006) .
PROCEDURE
In each trial, target and surround ( Figures 1A-C ) appeared contrast-modulated in time by a Gaussian temporal function with mean 500 ms and σ t = 100 ms (duration of 200 ms, 2σ t ), truncated to give an overall duration of 1000 ms. In the center of the stimulus, during the presentation, appeared a small thin line turning clockwise with the objective of attracting the attention of the subject to the center of the screen. The particular contrast of the target was controlled by an adaptive staircase procedure. After the stimulus presentation, a fixationcross was displayed at the center of the screen surrounded by four circles signaling the possible positions where the target appeared (see Figure 1D) . The subject's task was to indicate the position of the target by pressing button of the response box. In the first trial the subject had to press any button to start. A new trial was initiated after the observer's response, thus the experiment proceeded at a pace determined by the observer.
Contrast detection threshold was defined as the minimum Michelson contrast that is needed in order to detect the correct target image, resulting in a performance of 62% correct. Thus, a low contrast threshold means that the subject has high sensitivity (sensitivity is defined as the inverse of the threshold). Contrast thresholds were measured using adaptive Bayesian staircases (Treutwein, 1995) in a forced-choice detection task. The characteristics of the Bayesian staircases were: (1) the prior probability density function was uniform (Emerson, 1986 ) with a starting contrast of 0.99; (2) we used the logistic function adapted from (García-Pérez, 1998; see his appendix A) as the model likelihood function with a spread value of 1, delta parameter equal to 0.01, a lapse rate of 0.015, and a guess rate of 0.25; (3) the value of the target contrast in each trial was obtained from the mean of the posterior probability distribution (King-Smith et al., 1994) ; (4) the staircase stopped after 30 trials (Anderson, 2003) ; and (5) the final threshold was estimated from the mean of the final probability density function. The three experimental conditions (NS, orthogonal, and parallel) were tested in the same experimental session interleaving randomly the conditions across trials. Practice sessions were performed previous to the experiment.
STATISTICAL ANALYSES
Our dependent variable was the contrast threshold needed to detect the target correctly 62% of the presentations using a 4AFC method. We had three conditions: NS, OS, and PS. In order to compare the contrast thresholds of control group and patients group for each condition, first, we calculated the mean of each group in each condition; second we computed the p-values using the SmithWelch-Satterthwaite test (Ruxton, 2006) or unequal variance t-test if the Bartlett's test for equality of variances was significant, and a Student's t-test in other case (two-tailed, α = 0.05). We also analyzed the interaction between condition and group using a multi-sample repeated measures analysis of variance (ANOVA) with two factors. To study the evolution of contrast thresholds as a function age we used simple linear regression, we computed the coefficient of determination R 2 , the p-value for the slope. We will show the correlation coefficient r when p < 0.05.
RESULTS
Forty-five participants (24 controls and 21 patients with schizophrenia) took part in a visual psychophysics experiment. Contrast detection thresholds were obtained in three conditions (NS, OS, and PS) . Figure 2 shows the results of the experiment. The bars represent the mean + SEM for each condition and group. White bars represent the thresholds of the control group; black bars represent the results of the patients group. In both the NS and OS condition, contrast thresholds are significantly lower for the control group than for patients [unequal variance two-tailed t-test, NS: t(23.14) = 5.64, p < 0.001; OS: t(25.77) = 4.84, p < 0.001], that is the control group has higher sensitivity than the patient group. However, no significant differences were found for the PS condition [two-tailed Student's t-test, t(43) = 0.026, p = 0.9791]. Both groups had higher thresholds in the suppressive condition (PS) that the NS and OS conditions replicating previous results (Serrano-Pedraza et al., 2012) . The elevated thresholds in the PS condition represent the suppressive effect of the surround. Repeated measures ANOVA with two factors, condition (NS, OS, and PS) and group (Controls and Patients) demonstrated a significant effect of condition (F 2,86 = 137.41, p < 0.001), no effect of group (F 1,43 = 1.02, p = 0.3192), and no significant condition × group interaction (F 2,86 = 0.32, p = 0.7263), thus, the effect of the condition (NS, OS, and PS) on performance is the same independent of the group.
Given that our patient group is predominately male (19M, 2F) and also different from the control group (10M, 14F) we analyzed FIGURE 2 | Contrast detection thresholds as a function of the experimental condition. Bars represent the mean + SEM. Gray bars, data of patients; white bars, data of controls. p-values were obtained using the Smith-Welch-Satterthwaite test or unequal variance t -test when Bartlett's test was significant and a t -test in other case (two-tailed, α = 0.05). Asterisks (*) correspond to significant differences between the means of the contrast detection thresholds.
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if there were sex differences in this experiment using the control group. We found no significant differences between males and females in the three experimental conditions: two-tailed We also examined the effect of age. Figure 3 shows the results for each participant as a function of age (years). Blue squares represent the data of the patient group; red dots represent the data of the control group. For each group, the horizontal line corresponds to the mean value and the dotted line ±SEM (data represented in Figure 2 , white bars). Each panel shows the results for one experimental condition. In the control group, for the OS condition only, there was a small but significant increase in contrast threshold with age (r = 0.559, R 2 = 0.313, p = 0.004). This was driven mainly by the two oldest controls, and was not significant if they were removed (R 2 = 0.043, p = 0.3502). There was no significant dependence on age for controls in the other two conditions, or for patients in any condition. Thus, in general thresholds did not depend strongly on age, at least over the range included in our sample (24-58 years).
The performance of individual participants was correlated across the three different conditions. When PS thresholds are plotted against NS thresholds, there is a small correlation for both groups, only significant for patients (controls: R 2 = 0.132, p = 0.08; patients: r = 0.469, R 2 = 0.22, p = 0.031). That is, the higher the contrast threshold in the NS condition, the higher the contrast thresholds in the PS condition. There was a significant difference in the slope of the regression line between the two groups (slope controls = 7.46, slope patients = 3.15, p = 0.027). We also represented the OS thresholds as a function of the NS thresholds and found significant correlations for both groups (controls: r = 0.397, R 2 = 0.1576, p = 0.05; patients: r = 0.674, R 2 = 0.455, p < 0.001). Thus, in order to quantify the visual suppression in both groups we computed a Surround Suppression Index (see Tadin et al., 2006) . This was defined as the log ratio between the contrast thresholds of the PS condition and the NS condition. We also calculated this log ratio for the OS condition. By normalizing each participant against their own performance in a different condition, this helps to remove the effect of inter-subject differences and more clearly reveal the effect of surround. Figure 4 shows the log ratios for each participant and for PS and OS conditions. Blue squares correspond to the data of the patients group; red dots represent the data of the control group. The red and blue horizontal lines represent the mean ±SEM of the log ratios for control and patients group respectively. We compared the mean of the ratios for both groups. Statistical analysis showed a significant difference between groups for the PS/NS log ratios [two-tailed t-test, t(43) = 5.034, p < 0.001], with the suppression ratios being higher for the control group. We found no difference when comparing OS/NS log ratios between controls and patients [two-tailed t-test, t(43) = 1.156, p = 0.254]. Note that mean values of OS/NS ratios are lower than 0, indicating facilitation, for both groups, thus this ratio could be used as a facilitation index. Repeated measures ANOVA with two factors, condition (PS/NS log ratios, and OS/NS log ratios) and group (Controls and Patients) demonstrated a significant effect of condition (F 1,43 = 531.38, p < 0.001), significant effect of group (F 1,43 = 22.69, p < 0.001), and a significant condition × group interaction (F 1,43 = 13.25, p < 0.001). Regression analysis for ratios as a function of age showed that there is no significant dependence on age for either group (control or patients) or ratio (parallel or orthogonal; Controls: parallel ratio, R 2 = 0.001, p = 0.882; orthogonal ratio, R 2 = 0.075, p = 0.192; Patients: parallel-ratio, R 2 = 0.06, p = 0.278; orthogonal ratio, R 2 = 0.0001, p = 0.892). Regression analysis for PS/NS log ratios as a function of orthogonal/no-surround log ratios showed no significant dependence either (R 2 = 0.011, p = 0.646). Finally, regression squares, ratios for patients; red circles, ratios for control group. The blue horizontal line represents the mean ± SEM for patients; the red horizontal line represents the mean ± SEM for the control group. p-values were obtained using two-tailed t -test. Asterisks (*) correspond to significant differences between the means of the log ratios.
analysis for suppression ratios (PS/NS log ratios) as a function of no-surround contrast thresholds showed no significant correlation neither for controls (R 2 = 0.019, p = 0.513) nor patients (R 2 = 0.117, p = 0.127).
In Figure 4 we have shown that suppression ratios for PS condition were significant higher for controls than for patients, indicating stronger suppression in controls. However, as Figure 2 shows, in fact the thresholds for the PS condition were similar between groups. The difference in suppression ratios is driven by the difference in thresholds for the NS condition, which were significantly lower for controls than for patients. We asked whether the difference in suppression ratios persists and whether there are differences in contrast thresholds in the parallel condition when controlling for differences in contrast thresholds in the NS condition. We chose a subset of controls in which contrast thresholds were higher than the group mean (N = 7, mean contrast threshold = 0.0199), and a subset of patients which contrast thresholds were lower than the group mean (N = 12, mean contrast threshold = 0.025; note therefore that this subset of controls and patients are not selected randomly and they are not representative of the population of controls and patients). Figure 5 shows the results for these subsets. The bars represent the mean + SEM of the contrast thresholds. In the NS condition, by design, there were of course no significant differences between the selected patients and controls [two-tailed t-test, t(17) = 1.79, p = 0.0908]. However, significant differences persisted in both the other conditions [two-tailed t-test: OS, t(17) = 2.988, p = 0.0082; and PS, t(17) = 2.626, p = 0.0176]. Interestingly, the data show that patients with schizophrenia had significantly lower thresholds than controls in the PS condition, so they perceived the visual stimulus better than controls. Repeated measures ANOVA for this subset of controls and patients, with two factors, condition (PS/NS log ratios, and OS/NS log ratios) and group (Controls and Patients), showed a significant effect of condition (F 1,17 = 369.33, p < 0.001), non-significant effect of group FIGURE 5 | Contrast detection thresholds as a function of the experimental condition. For this analysis, we selected the controls in which contrast detection thresholds in the condition No-Surround were higher that the mean of the group for that condition, and the patients, in which contrast detection thresholds for No-Surround condition, were lower that the mean of the group. Bars represent the mean + SEM. Gray bars, data of patients; white bars, data of controls. p-values were obtained using two-tailed t -test (α = 0.05). Asterisks (*) correspond to significant differences between the means of the contrast detection thresholds. Note that in the condition Parallel Surround the patients have significant lower thresholds than controls.
(F 1,17 = 2.75, p = 0.115), and a significant condition × group interaction (F 1,17 = 19.91, p < 0.001). Post hoc t-test using Bonferroni correction revealed that suppression ratios (PS/NS) were significantly lower for patients than for controls (p = 0.021); and no differences were found for facilitation ratios (OS/NS) between controls and patients (p = 0.216).
Finally, we performed a Regression analysis for contrast thresholds of 21 patients as a function of their clinical data (see Table 2 ) and for PS/NS and OS/NS log ratios and clinical data (see Table 3 ). Regression analysis for contrast detection thresholds as a function of clinical symptoms and medication (n = 21 patients) .
No-surround
Orthogonal-surround Parallel-surround Results show that there is no significant dependence between our measurements (contrast thresholds and ratios) and clinical symptoms and medication.
PS/NS Log ratio OS/NS Log ratio
PANSS-P R 2 = 0.063, p = 0.272 R 2 = 0.038, p = 0.392 PANSS-N R 2 = 0.003, p = 0.791 R 2 = 0.001, p = 0.865 PANSS-GP R 2 = 0.137, p = 0.103 R 2 = 0.071, p = 0.245 CPZ* R 2 = 0.111, p = 0.139 R 2 = 0.000, p = 0.973
DISCUSSION
We presented contrast detection thresholds of 24 healthy subjects and 21 schizophrenia patients when performing a task designed to measure visual suppression. We found that a grating located in periphery without surround, or with an OS, was detected with lower contrast thresholds by the control group, therefore, the schizophrenia patients showed a reduced contrast sensitivity (defined as the inverse of contrast threshold). The differences found when the target was presented without surround replicates previous results where it has been found that schizophrenia patients have a general reduction of contrast sensitivity (see a review in Skottun and Skoyles, 2007) .
Consistent with previous reports (Serrano-Pedraza et al., 2012) , patients and controls showed a facilitatory effect, that is, slightly lower thresholds in the OS condition than in the NS condition, i.e., an OS facilitated the detection of the target. Reflecting their lowered contrast sensitivity, patients showed higher thresholds than controls in both the OS and NS conditions, but there was no difference in the facilitation index between controls and patients, defined as the log-ratio of thresholds in orthogonal and NS conditions (OS/NS log ratio, Figure 4 , right panel). This facilitatory effect appears to occur only at low contrasts, since Yoon et al. (2009) found no facilitation in either patients or controls on a discrimination task requiring subjects to detect changes from a baseline contrast of 75%; in fact, OS discrimination thresholds were higher than NS discrimination thresholds, implying suppression. Like us, they did not find a difference between schizophrenia patients and controls in the OS/NS ratio. Thus, both we and Yoon et al. (2009) find that an orthogonally oriented surround has similar effects in both schizophrenic patients and controls, at both high and threshold contrasts. Kéri et al. (2005) used a detection task with a different geometry, in which subjects were asked to detect a Gabor patch presented either in isolation (analogous to our NS condition), or in between two flanking Gabors of the same orientation but 40% contrast. When the flankers were close to the target, contrast thresholds were increased, presumably by the same suppressive mechanism as in our PS condition. However, when flankers were placed further away from the target, they had a facilitative effect in control subjects: contrast thresholds fell below the value needed to detect an isolated patch. This facilitation was not observed in schizophrenic patients. This may suggest that facilitation by distant patches of parallel orientation, as in Kéri et al. (2005) , reflects different neuronal mechanisms than facilitation by an OS. Alternatively, spatial frequency differences may contribute, Kéri et al. (2005) used patches of 6.7 c/deg, much higher than our 1 c/deg.
When the surround orientation was parallel to the target (suppression condition), we found higher contrast thresholds than in the NS and OS conditions, and no significant differences between controls and schizophrenia patients. To quantify the strength of the suppression of our participants, we defined the suppression index as the log-ratio of the thresholds in the PS and NS conditions. We found that the suppression indices were significantly lower for schizophrenia patients than for controls. Physiology studies in cats (Blakemore and Tobin, 1972; DeAngelis et al., 1994) macaques (Cavanaugh et al., 2002 , Webb et al., 2005 , and mice (Self et al., 2014) have shown that the stimulation of a visual neuron outside of its classical receptive field can produce strong suppression of the neuron's response. This suppression is strong when both, the stimulus presented in the surround and the stimulus presented in the center of the neuron's receptive field, have the same spatial frequency and orientation. Although the neural mechanisms of surround suppression are not completely understood, three possible sources of surround suppression have been proposed: (a) thalamic source with local inhibitory connections within the LGN, (b) long-range lateral connections within V1; and (c) feedback connections to V1 from extrastriate cortex (see Angelucci et al., 2002; Angelucci and Bressloff, 2006; Smith, 2006) . Suppression in the LGN is non-orientation-tuned (Solomon et al., 2002; Bonin et al., 2005) , thus, given that in our task, contrast thresholds depended on the orientation of the surround (Petrov et al., 2005; Serrano-Pedraza et al., 2012) we can assume that suppression in www.frontiersin.org the LGN cannot account for the effect of orientation that we have found in this task. On the other hand, it has been shown that lateral connections within V1 can account for surround diameters up to 5.5 • at 5 • foveal eccentricity (near surround, 4 times the size of V1 minimum response field), and feedback connections to V1 can account for surround diameters higher than 13 • (far surround, 23 times the size of V1 minimum response field; Angelucci et al., 2002) . Our targets had a diameter of 3 • and were presented at 5 • eccentricity and the surround extended up to 10 • around the target, so both lateral and feedback inhibitory connections could potentially contribute. In either case, the reduced suppression found in our patients supports the hypothesis that inhibitory connections in visual cortex are impaired in schizophrenia.
As noted, patients had lower suppression indices because they had higher thresholds than controls in the NS condition, not because they were better than controls in the PS conditions. The poorer performance of patients in the NS condition may reflect impaired processing in visual periphery in schizophrenia (Kraehenmann et al., 2012) , as well as attentional deficits (Barch et al., 2012) . Medication and clinical symptoms could also have an effect on contrast thresholds in all conditions; however, we did not find any significant correlation between Chlorpromazine equivalent dose or PANSS scores with contrast thresholds, suppression ratios, and facilitation ratios. We also compared patients to a subgroup of controls, matched for contrast thresholds in the NS condition. In the facilitation (OS) condition, these matched controls had significantly lower contrast thresholds than the patients, however, schizophrenia patients showed lower contrast thresholds in the suppression (PS) condition. The overall picture is that schizophrenia patients generally perform poorly on peripheral contrast detection tasks relative to controls, but they perform relatively much better in the PS condition. We interpret this as reduced visual surround suppression, probably related to a reduced concentration of GABA neurotransmitter (Yoon et al., 2010) .
Recent studies, using different stimulus configurations, have also found evidence for weaker visual surround suppression in schizophrenia. For example Tibber et al. (2013) showed that schizophrenia patients have weaker surround suppression for stimuli defined by contrast or size but not for those defined by luminance or orientation. These authors concluded that the reduced surround suppression could not be explained by attention deficits or medication. Yang et al. (2013) also found weakened contextual modulations of contrast that made patients with schizophrenia perform more accurately than controls.
Our study has most similarities with Yoon et al. (2009) but it also has important differences. The major difference is that they used a contrast discrimination task and we used a contrast detection task. The behavior of visual system in contrast processing is different at threshold than at suprathreshold values (e.g., Tiippana and Näsänen, 1999) . Thus, results obtained with suprathreshold values are difficult to generalize to threshold conditions. There are other differences like the stimulus used (spatial configuration, presentation time, contrast of surround) and the 4AFC method (recommended for naïve observers, Jäkel and Wichmann, 2006) . Interestingly, despite these differences, we reach similar conclusions. This confirmation is important given the conflicting results in this area, reviewed briefly in the Introduction.
Taking all results together, our study provides further evidence of abnormal visual processing in schizophrenia, possibly due to impaired inhibitory connections in early visual cortex.
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